This study investigates cycle-by-cycle variations in a gasoline fuelled, homogeneous charge compression ignition (HCCI) engine with internal exhaust gas recirculation. In order to study the effects of exhaust-fuel reactions occurring prior to the main combustion event fuel was injected directly into the cylinder at two selected timings during the negative valve overlap period. The engine was operated as both autonomous HCCI and spark assisted HCCI (SA-HCCI). The primary interest in this work was the operating region where the engine is switched between HCCI and spark ignition modes, thus operation with stoichiometric air-fuel mixture, which is typical for this region, was considered. Cycle-by-cycle variations in both combustion timing and indicated mean effective pressure (IMEP) were investigated. It was found that long-period oscillations of the IMEP occur when fuel injection is started at early stages of the negative valve overlap period, and that these can be suppressed by delaying the start of injection. This behaviour remained even when fuel injection was split into early and late-negative valve overlap injections. Spark assisted operation allowed eliminating late combustion cycles, thus improving thermal efficiency. However, characteristic patterns of IMEP variations were found to be the same for both HCCI and SA-HCCI operations, irrespective of the adopted negative valve overlap fuel injection strategy, as evidenced by using symbol-sequence statistics.
Introduction
There are no two identical combustion processes occurring in piston engines. The phenomenon of cycle-by-cycle variability has been thoroughly investigated in both spark ignition (SI) and diesel engines. The cyclic variability in SI engines mainly results from a stochastic behaviour of flame propagation, especially in the early stage of combustion, including stochastic features of spark discharge paths. 1 Other factors include differences in the in-cylinder flow, variable amounts of trapped residuals and variable amounts of fuel introduced into the cylinder. 2 Combustion processes in diesel engines are much more repeatable, as combustion is controlled by the mixing of fuel and oxidizer; however variations between kinetic and diffusion combustion can be observed too. 3 Cycle-by-cycle variations are usually identified as combustion variations in terms of peak pressure, maximum heat release rate (HRR), the amount of released heat and the timing parameters of combustion evolution. As a result of cycle-by-cycle variations in both combustion rates and released heat, the produced work also exhibits cyclic variations, and this decreases overall engine efficiency. 4 In general, cycle-by-cycle variations in SI or diesel engines are recognized as stochastic processes.
Combustion variability in homogeneous charge compression ignition (HCCI) engines with internal exhaust gas recirculation (EGR) and negative valve overlap (NVO) is a phenomenon much more complex than that observed in SI or diesel engines. Trapped residuals from a previous cycle provide energy for auto-ignition. Auto-ignition timing is solely controlled by in-cylinder temperature and mixture reactivity. Consequently, parameters such as the amount and temperature of trapped residuals, the amount of intake air, heat transfer, thermal effects of fuel vaporisation and potential reforming are critical for combustion stability. 5, 6 These NVO thermal and chemical processes create a closed loop between consecutive cycles, which provides a deterministic component to the cycle-by-cycle variability.
Koopmans et al. 7 described the mechanism of cyclic variability of combustion timing in an engine with direct injection during the NVO period. They observed self-excited oscillations of 50% mass fraction burnt (MFB) damped after a couple of cycles. Fast exhaust port temperature measurements revealed a lack of correlation between exhaust temperature and combustion timing. However, it was found that late combustion cycles produced a high content of unburnt hydrocarbons. Given that not all fuel was burnt in the main combustion event, more oxygen remained available for the subsequent NVO period, which enhanced NVO heat release, thus increasing in-cylinder temperature and producing an advancing effect on combustion timing. Shahbakhti and Koch 8 observed long-term oscillations (approximately 25 cycles) in both, combustion pressure and indicated mean effective pressure (IMEP), which they attributed to periodic variations in the amount of aspirated air. The effects of incomplete combustion on cyclic variability were studied by Hellstro¨m et al. 9 These authors demonstrated that the unburnt fuel mass remaining from an incomplete main combustion event carries over to the next NVO and to the next cycle, even at lean mixture conditions, thus creating a coupling between cycles. Hunicz et al. 10 investigated variability in combustion timing at variable excess air and found that, for near stoichiometric conditions, the combustion phasing is fairly stochastic, whereas a deterministic behaviour was observed at leaner mixture. Additionally, at some conditions, intermittency between two variability modes was observed, which resulted in switching between stable combustion timing and alternating early and late combustion. The auto-ignition timing was clearly correlated with NVO heat release.
The understanding of cycle-by-cycle variability at spark assisted HCCI (SA-HCCI) combustion is vital because this intermediate mode of operation occurs when the engine is switched between the SI and HCCI modes. Daw et al. 11 analysed the deterministic patterns of cyclic variations of HRR in highly diluted HCCI combustion, and they found that the cycle-by-cycle dynamics for autonomous HCCI is different than that observed for SA-HCCI. They also demonstrated that the amount of heat released in a given cycle can be predicted based on a few previous combustion cycles. Chen et al. 12 investigated SA-HCCI combustion and found that spark discharge improves combustion stability in terms of IMEP, however combustion timing is very unstable, because of variations in the amount of fuel burnt by flame propagation. Larimore et al. 13 investigated SA-HCCI at stoichiometric conditions and found that, despite the lack of excess air, in some cycles following an incomplete combustion there occurred NVO heat release due to the presence of remaining oxygen in trapped residuals. They also observed that the unburnt fuel left over an incomplete combustion cycle, was not necessarily oxidized during the next cycle but was carried over a couple of cycles before its complete combustion. Those cycles utilizing additional unburnt fuel were distinguished by an increased heat release.
The abovementioned studies substantially contributed to the understanding of in-cylinder processes variability in HCCI engines. The knowledge about combustion stability and models for prediction of HCCI combustion behaviour are necessary to develop HCCI control procedures. 14 This study attempts to further contribute to the state of the art in cycle-by-cycle variability phenomena in autonomous HCCI and SA-HCCI combustion.
In the experiments conducted as part of this study, the research engine was operated at nearly stoichiometric conditions, as this is a regime at which switching between HCCI and SI engine operation modes can be performed. Additionally, in order to assess the effects that fuel-exhaust gas pre-combustion reactions cause on the main combustion process, different strategies for direct fuel injection during the NVO period were employed. Late NVO injection was used to avoid NVO heat release, while early NVO injection was used to enhance NVO reactions, which utilize oxygen contained within trapped residuals.
Experimental apparatus and method

Research engine and measuring instrumentation
A single-cylinder research engine was installed on a test bed equipped with a DC dynamometer. The engine was equipped with a fully variable valvetrain with independent regulation of valve lifts and timing by a hydraulic device. The valvetrain was set to provide internal EGR by the NVO technique. Fuel was applied into the cylinder using a side-mounted single-stream swirl-type injector. The main engine parameters are specified in Table 1 .
The engine control system was based on in-house PC software connected to a real-time timing module which governed injection timing and duration as well as spark generation. However, in order to avoid any influence of control procedures on cyclic variability, all controllable parameters, except for engine speed and engine thermal condition, were fixed at specified values.
The engine test bench was equipped with all necessary measurement and control instruments. Fuel consumption was measured using a fuel balance whereas intake airflow was measured with a thermal mass flow meter. The engine was also provided with a set of pressure and temperature transducers in order to control thermodynamic conditions of all media such as intake air, exhaust, cooling liquid, oil, etc. A GH 12D-type piezoelectric transducer from AVL was installed directly in the engine head and interconnected with a charge amplifier produced by the same manufacturer.
Data acquisition and analysis
In-cylinder pressure was measured with a constant angular resolution of 0.1 of crank angle (CA). At each operating condition an in-cylinder pressure signal was recorded for 1000 consecutive cycles. Data analysis was performed with the use of in-house software, with the measured pressure traces used as a boundary condition for the model of gas flow through the valves, heat exchange and HRR.
Gas flow rates through the intake and exhaust valves were computed using formulas describing compressible fluid flow through a restriction. 15 For the intake process the following equations were used
when the flow was subcritical, and
when the flow was choked, i.e.
. The intake valve curtain area A int was computed as a function of valve lift and geometrical dimensions of the valve and valve seat. The discharge coefficient C int was measured experimentally as a function of valve lift. For the intake process, pressure upstream restriction was the intake runner pressure p int whereas pressure after restriction was the measured in-cylinder pressure p. Other thermodynamic parameters appearing in equations (1) and (2) are the intake gas temperature T int , the gas constant R int and the ratio of specific heats int . The gas flow during the exhaust process was calculated in a similar manner, where the upstream restriction gas parameters were those inside the cylinder while the downstream parameters were measured in the exhaust runner. The applied gas flow model comprised a sub-model of the intake runner; thus, the effects of backflows on the mixture composition were taken into account. As piezoelectric transducers exhibit a drift, which is especially noticeable when the pressure and temperature amplitudes vary from cycle to cycle, the level of pressure offset was adjusted separately at each analysed cycle to achieve a fixed value of average pressure value during intake, providing an adequate average amount of aspirated air.
Despite the compensation of pressure variations during the intake stroke, the transducer drift caused small variations in pressure during the exhaust stroke, which precluded an accurate estimation of the exhaust mass flow rate. A more reliable approach to estimating the mass of trapped exhaust gas was the following widely-used procedure. The mass of trapped residuals m exh was calculated with the ideal gas equation of state based on the volume V EVC and the pressure p EVC at the exhaust valve closing (EVC) event and the exhaust temperature T exh by the However, the pressure signal at the EVC event contained a high noise component due to vibration caused by valve closing. Thus, the re-compression pressure was fitted with a polytropic curve to calculate p EVC . The exhaust temperature was recorded by a thermocouple located in the exhaust port close to the valve.
The in-cylinder temperature was calculated with the use of the ideal gas equation of state as an average value for the whole volume of the combustion chamber, considering the effect of instantaneous mixture composition on the gas constant. The apparent HRR was calculated according to the first law of thermodynamics by the following formula
where the ratio of specific heats was calculated according to the instantaneous temperature and mixture composition in the cylinder. The MFB was computed as a standardized integral of HRR. The IMEP was computed as the ratio of per-cycle thermodynamic work to piston swept volume.
Experimental conditions and procedure
The research was conducted at a rotational speed of 1500 r/min and under stoichiometric conditions, however without close-loop air-fuel ratio control to avoid control loop artefacts. The engine was fuelled with commercial gasoline with a research octane number of 95. The fuel was injected into the cylinder in a single dose and by the split fuel injection technique; however, all fuel was injected during the NVO period. Two injection timings were applied: early NVO injection commencing at À40 CA and late NVO injection commencing at 20 CA. For split fuel injection, the fuel dose was divided into two equal portions injected at the two abovementioned timings. Previous studies have shown that the latter injection strategy provides the most stable combustion at near stoichiometric conditions. 16 The applied fuel injection schemes and valve timings are shown in Figure 1 . At SA-HCCI combustion, spark discharge was generated at 345 CA.
Results and discussion
Average in-cylinder pressure traces and the standard deviations (SDs) of pressure are shown in Figure 2 . Generally, it can be observed that the applied injection strategy does not significantly affect the pressure rise rates and peak pressure values, whereas spark discharge leads to an increase in the peak pressure. The traces of SD pressure clearly show that the variations in pressure are the highest during combustion, however the peak values are comparable for all applied injection strategies and they are almost independent of the spark assistance. At autonomous HCCI combustion, early injection and split injection provide the narrowest pressure SD curves, which means that these produce the most stable combustion timing. The shape of the pressure SD curve for late injection points out to a higher variability at the early stage of combustion, which results from the cycles with a very early start of combustion.
More detailed information about the combustion process is provided by the ensemble-averaged HRR curves shown in Figure 3 . This figure allows comparing spark assisted and autonomous combustion modes and reveals that spark discharge slightly advances the start of combustion and, at the same time, reduces the apparent combustion duration. However, it should be noted that apparent differences between the ensembleaveraged curves of combustion duration can result from variations in combustion timing. An analysis of the SD curves shown in Figure 2 accounts for the variations in ensemble-averaged HRR traces. At SA-HCCI operation, the SD curves are narrower than those describing autonomous operation, which indicates that spark discharge leads to stabilized combustion timing, both in terms of too early and too late cycles. Figure 4 shows sets of combustion HRR curves corresponding to 21 consecutive cycles. A careful analysis of these curves allows pointing out sequences of cycles that characterize oscillations in combustion timing. In each part of Figure 4 examples of such sequences were highlighted by inserting legends that identify the cycle number and the IMEP corresponding to that cycle (the later appears within parentheses). The oscillation commences with a cycle exhibiting a very late and slow combustion process (plotted with thick black lines in Figure 4 ). This cycle eventually induces a very-early-combustion cycle, which may occur several cycles ahead. In the case of autonomous operation (Figure 4(a) and (c) ) the oscillation in combustion timing is initiated with the extremely-late-combustion cycles numbered 308 and 159, respectively. These are followed by cycles with earlier ignition and higher HRR peaks and then, the extremely-advanced-combustion cycles take place. It should be noticed that under SA-HCCI operation, extremely-late combustion cycles do not occur, thus inhibiting the occurrence of extremelyearly-combustion cycles. Consequently, the amplitude of the combustion timing oscillation results smaller than for autonomous HCCI operation.
General data on average combustion timing are provided in Figure 5 which shows the location of characteristic stages of combustion, i.e. 5%, 50% and 95% of fuel MFB computed based on the cumulative heat release. For all injection schemes, the spark discharge advances the start of combustion by 2-3 CA and shortens combustion duration by a few additional degrees. Displayed error bars on 50% MFB correspond to SD values and evidence that spark assistance substantially reduces the variability of combustion timing. A detailed study of SA-HCCI combustion under similar engine operating conditions was performed in Hunicz et al., 17 where distinguishing between the relatively slow combustion due to flame propagation and the fast kinetic combustion was enabled by adjusting double Wiebe functions to experimental HRR curves. This way, authors of Hunicz et al. 17 showed that less than 10% of fuel mass is burnt by flame propagation, even in cases of advanced spark discharge. This reduced effect stems from the fact that a small increment of in-cylinder temperature due to the heat released by flame propagation suffices to immediately trigger HCCI combustion. Thus, SA-HCCI mode enables eliminating late combustion cycles while avoiding negative effects of flame propagation combustion, such as increased nitrogen oxide (NOx) emissions. Figure 5 also shows that the average start of combustion timing and combustion duration are affected by the applied injection scheme. It was demonstrated in Hunicz 18 that injecting some portion of fuel early during NVO results in the production of auto-ignition promoting species that advance auto-ignition. As regards the investigated injection strategies, the earliest combustion can be observed for split fuel injection. This is plausible, because the reduction of early NVO fuel leads to an increase in the peak NVO temperature, which -in turn -enhances the production of auto-ignition promoting species. 18 The effect of the employed injection scheme on the in-cylinder temperature along the NVO period is illustrated in Figure 6 . In comparison to late fuel injection, early injection reduces the peak NVO temperature in approximately 140 K due to a higher energy consumption for fuel phase change. Thus, the reduction of early injected fuel mass increases NVO peak temperature and accelerates pre-combustion reactions. Figure 6 also shows that, irrespective of the applied injection scheme, in-cylinder temperature at the end of the NVO period remains essentially the same. Detailed data on the average engine operating parameters under all investigated conditions are given in Table 2 . Figure 7 shows engine IMEP as split into two components: the first one being computed for the period shown in Figure 1 between 180 CA and 540 CA, which includes the combustion process and is called here main event; while the second component is referred to the period between À180 CA and 180 CA (Figure 1) , thus including most of the exhaust process, the whole NVO period and most of the intake process. This component, which is called here gas exchange IMEP, exhibits negative values. It should be mentioned that error bars in Figure 7 represent the SD value of the corresponding IMEP component. The error bars show that the variability of the main event IMEP is reduced for SI-HCCI operation, whereas the variability of gas exchange IMEP remains the same as in the case of autonomous operation. The observed differences in the mean IMEP values between different injection schemes result from small differences in the average amounts of air and fuel and the indicated specific fuel consumption (ISFC), as can be seen from Table 2 . With the split fuel injection strategy, the main event IMEP is the lowest; this, however, results from a lower mass of aspirated air. It can also be seen in Table 2 that spark assistance improves engine thermal efficiency and consequently reduces ISFC under all conditions.
The main event IMEP and the gas exchange IMEP for all 1000 recorded engine cycles are shown in Figure 8 . Under autonomous operation, there occurs a number of low main event IMEP cycles, predominantly when the late injection strategy is employed. The application of spark assistance removes low main event IMEP cycles, which improves the overall engine efficiency. At the same time, it does not have any significant effect on the gas exchange IMEP. The most intuitive reason for the occurrence of the low main event IMEP cycles would be delayed auto-ignition or slow combustion. To illustrate the effect of combustion timing on the main event IMEP Figure 9 shows its correlation with the location of 50% of MFB. The upper boundaries of the observed main event IMEP values show optimal combustion timing which is approximately 370
CA for all conditions. Figure 9 also shows that late combustion cycles produce a low IMEP at autonomous operation. However, there is also a group of low main event IMEP cycles that appear at close-to-optimal combustion timing, thus indicating a poorly distributed HRR during the main event.
In Figure 8 (a) and (b) one can observe long period oscillations of the IMEP. Such oscillations were already reported in literature by Shahbakhti and Koch. 8 The oscillations were attributed to periodic changes of the air mass flow rate. However, the afore-mentioned authors performed their research using an engine without NVO. The current results show that the oscillations are present during both the main event and gas exchange period, including NVO. Figure 10 shows the calculated mass of aspirated air and trapped residuals for 200 consecutive cycles for different injection strategies at autonomous operation. The selected sequences include those represented in Figure 4 . The results demonstrate that the mass of aspirated air oscillates for early injection, however oscillations with larger amplitude are observed for the mass of trapped residuals. It should be noted that due to an unavoidably short-term drift of the piezoelectric transducers, the results can be biased by errors caused by the shortcomings of the measurement technique itself. Nevertheless, the longperiod oscillations are observed solely for all fuel injected early during NVO and stoichiometric mixture. Thus, it is possible that they originate from the dynamics of the analysed phenomena, and not from the measurement system itself.
The occurrence of the long-period oscillations only when a large mass of fuel is injected early justifies the presumption that the oscillations are caused by the thermal effects of NVO exhaust-fuel processes that have impact on the intake process and the main event alike. To analyse these impacts, the values of indicated work for the NVO period and the main event period are compared, the calculations being made for a period from intake valve closing (IVC) to exhaust valve opening (EVO) and from EVC to intake valve opening (IVO), respectively. These quantities were selected instead of the IMEP, because the work of intake and exhaust processes substantially contribute to the gas exchange IMEP. Figure 11 shows the correlation between the main event work and the work of a preceding NVO period. At early injection, the spread of NVO work is much higher than for the remaining two injection schemes. It must be stressed that for both, early and split injection, the upper boundary of the plotted cloud of points indicates a negative correlation between the NVO work and the main event work, so that the higher the NVO work is, the lower the maximum attainable main event work. Provided that all fuel is burnt during the main event, the produced work is limited by the amount of chemical energy, and this limit is represented by the abovementioned boundary. The fuel's chemical energy available during the main event is reduced by the heat release during the NVO period. In addition to this, however, below the boundary line one can observe a large group of points that indicate reduced main event work. This reduction can be explained based on Figure 9 which demonstrates that too early or too late combustion timing leads to reduced cycle work. Another plausible reason for the main event work reduction may be incomplete combustion resulting from oxygen deficiency. The above negative correlation between the main event and NVO can also be observed in Figure 12 , where the NVO work is plotted as a function of the previous cycle main event work. For late NVO injection, however, no such correlation can be observed, whereas at split fuel injection this correlation is weak. The influence of the quantity of early injected fuel suggests that the thermal effect of heat consumption for fuel phase change plays an important role in cyclic variability. It should however be noted that the quantitative identification of these relatively small thermal effects during NVO by thermodynamic analysis of single-cycle in-cylinder pressure can be affected by noise and shortterm drift of the piezoelectric sensors. Nevertheless, the observed differences in cyclic variability for different injection schemes without changing any other parameter point out that NVO thermal processes occurring between exhaust gas and fuel have a significant influence on the entire cycle.
To investigate the nature of cycle-by-cycle variability, net IMEP values were analysed with the return maps shown in Figure 13 . It can be noted that under autonomous HCCI conditions, after a low-IMEP cycle, there always occurs a cycle of high or moderate IMEP. Such cycles (with IMEP below 0.3 MPa) are marked in Figure 13 with blue circles. However, these cycles do not produce an IMEP that is higher than that in regular cycles. This may indicate that an additional portion of energy delivered with combustible species in the recirculated exhaust gases is not high enough or that the amount of released heat is limited by the availability of oxygen. In addition, it can be observed that low-IMEP cycles occur after moderate-IMEP cycles (data points surrounded by red circles). Long-period oscillations at early injection are represented by fractions of positively correlated points in Figure 13 (a) and (b).
It should be noted that the complex mechanism of variability does not rely exclusively on the amount of chemical energy delivered to the cycle; it also includes the thermal effects of fuel vaporisation, combustion timing and heat transfer. Consequently, all these parameters should be taken into account.
To further investigate cyclic variability with consideration of IMEP and combustion timing, a symbolic method was applied, in which the cycles were divided into two groups: (i) high IMEP cycles, and (ii) low IMEP cycles, with the partition level set as a mean value. This method is useful for signals with a high random component like combustion parameters. 19 The net IMEP values were converted into 0 and 1 symbols, where 0 denotes the IMEP lower than the partition level, and 1 denotes the IMEP that is higher or equal to the partition level. To illustrate transitions between different IMEP levels and the effect of combustion timing in neighbouring cycles, the return maps of 50% MFB were constructed, showing additional four possible transitions between the IMEP levels. As shown in Figure 14 , these return maps can explain the variability mechanism, taking account of interactions between the work produced by the engine cycle and combustion timing. The effects of combustion timing on produced work are obviously more visible for an autonomous operation where the 50% MFB spread is wider. At late combustion, the current cycle always produces a low IMEP. However, the latest combustion cycles occur after the cycles with a moderate location of the 50% MFB. This behaviour pattern is represented by black and green marks above the main cloud of points. The bands in the bottom-right sides of the graphs indicate that late combustion is always followed by early combustion, but this transition does not determine an IMEP level. Nevertheless, if the combustion timing is too early, the cycle produces a low IMEP, regardless of the previous cycle. The bands of points in the bottom-left corners show that early combustion is always followed by early combustion, which indicates gradual combustion retard after the late-early switching event.
Apparently, the mechanisms of cyclic variability are the same for all employed injection strategies, besides the fact that no NVO heat release can take place at early injection, not even for lean mixtures. The spread of combustion timing is almost the same for both early and late NVO injection modes, whereas split injection has a stabilising effect. Nevertheless, a detailed analysis of Figure 14 (a) and (c) reveals that the IMEP response to combustion timing variability depends on the injection strategy. For late injection (Figure 14(c) ), the areas occupied by the points representing different IMEP switching cases are more separated than for early injection (Figure 14(a) ). This means that in the case of late injection, the IMEP is more dependent on combustion timing, presumably due to a smaller effect of NVO thermal processes on the main event combustion.
Characteristic patterns of variability in combustion can be identified using the symbol-frequency histograms shown in Figure 15 , which display occurring combinations of five-cycle-long time series of binary states (low/high-IMEP cycles). Numbers in the x-coordinate of this figure stand for decimal representation of the binary five-step sequence codes corresponding to five consecutive net IMEP levels. Examining the histograms one can note that five-cycle long-period oscillations dominate under all investigated conditions. For late injection, apart from a five-cycle-long period sequence, there occur the codes 15 (01111) and 30 (11110), indicating that at late injection the oscillation period is reduced. For all investigated conditions the sequence code 27 (11011) appears frequently, even for SA-HCCI, where accidental late cycles are eliminated. Another frequent behaviour of IMEP is the sequence code 23 (10111), which shows that a low IMEP single cycle is followed by at least three high IMEP cycles. These results prove that the combustion cycles generating low IMEPs affect more than one of the subsequent cycles, presumably due to the phenomenon of carrying combustible species over consecutive cycles.
Conclusions
The present study investigated the problem of combustion variability in a gasoline-fuelled HCCI engine. To induce HCCI combustion, exhaust gas trapping by the NVO technique was applied. The engine was run at a near stoichiometric air-fuel mixture. Fuel was injected during the NVO period at two timings to investigate the effect of exhaust-fuel reactions on cycle-by-cycle variability. Additionally, the effect of spark assistance on combustion stability was examined. The data analysis methods included a cycle-by-cycle thermodynamic analysis of in-cylinder pressure and the modelling of gas flow based on pressure measurement. The combustion behaviour was also described with the use of return maps and symbol-sequence statistics.
At early NVO injection, long-term periodic oscillations of IMEP were observed as thermodynamic work of the NVO period and main event alike. The calculations of cycle-by-cycle gas flow have demonstrated that the mass of trapped residuals and the mass of aspirated air vary. Thus, the thermal effects of fuel injection during NVO, including the heat consumed by fuel vaporisation and heat release, have impact on the subsequent main event. The correlations between the work generated by the main event and that generated by the NVO period have revealed that the attainable main event work is limited by the NVO work due to partial fuel oxidation, whereas the NVO work is limited by the main event work. However, the lack of such oscillations at split fuel injection indicates that, apart from heat release, the heat consumption in fuel vaporisation has a significant impact on variations in the mass of trapped residuals.
The application of spark assistance eliminated late combustion cycles. As a result, it improved the overall cycle-by-cycle stability and led to a higher engine thermal efficiency. However, the spark assistance did not change the observed long-period oscillation patterns in IMEP.
The analysis of the net IMEP return maps has revealed correlations between the work delivered by the consecutive engine cycles. The symbolic analysis demonstrated that the low IMEP cycle affected the number of successive cycles, especially at late fuel injection when there were no conditions for fuel oxidation during NVO.
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